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The CAC7 gene of Arabidopsis thaliana that codes for the biotin 
carboxyl-carrier subunit of the heteromeric acetyl-coenzyme A car- 
boxylase was isolated and sequenced. CAC7 i s  a single-copy gene 
interrupted by six introns. Subcellular immunogold labeling indi- 
cates that the biotin carboxyl-carrier subunit is  localized in the 
stroma of the plastids and chloroplasts. The CACl mRNA accumu- 
lates throughout developing embryos and ovules of siliques at a time 
of rapid growth and oil accumulation (7 d after flowering), but is  
present at much lower levels in wall cells and central septal cells of 
the silique. lmmunolocalization studies show that the pattern of 
accumulation of the biotin carboxyl-carrier subunit within the sil- 
iques and leaves is similar to that of the CACl mRNA. These 
observations indicate that the cellular pattern of biotin carboxyl- 
carrier protein accumulation in the developing silique may be de- 
termined by the transcriptional activity of the CAC7 gene. 

The first committed reaction of de novo fatty acid bio- 
synthesis, the ATP-dependent carboxylation of acetyl-COA 
to form malonyl-COA, is catalyzed by ACCase (acetyl-COA: 
carbon-dioxide ligase [ADP-forming], EC 6.4.1.2). This 
biotin-containing enzyme is at a critica1 control point for 
fatty acid synthesis and has been shown to regulate the flux 
through this pathway in animals, yeast, bacteria, and chlo- 
roplasts (Vagelos, 1971; Lane et al., 1974; Wakil et al., 1983; 
Hasslacher et al., 1993; Li and Cronan, 1993; Ohlrogge et 
al., 1993). 

In contrast to most other organisms, plants utilize 
malonyl-COA not only for fatty acid biosynthesis but also 
for the synthesis of a variety of phytochemicals, including 
flavonoids, stilbenoids, malonated D-amino acids, and ma- 
lonated ACC, and for the elongation of long-chain fatty 
acids (Conn, 1981; Nikolau et al., 1984). Most of these 

This work was supported in part by a grant from the Iowa 
Soybean Promotion Board to E.S.W. and B.J.N. and by a research 
award to J.K. from the Iowa State University Molecular, Cellular 
and Developmental Biology graduate program. This is journal 
paper no. J-16943 of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, IA, project nos. 2997 and 2913. 

Both of these authors contributed equally to this paper. 
* Corresponding author; e-mail mash8iastate.edu; fax 1-515- 

294-1337. 

specialized phytochemicals are synthesized in the cytosol 
(Conn, 1981; Nikolau et al., 1984), whereas de novo fatty 
acid biosynthesis is plastidic (Ohlrogge et al., 1979; Har- 
wood, 1988). This compartmentation of the synthesis of 
molecules derived from malonyl-COA led to the hypothesis 
that at least two isozymes of ACCase, a cytosolic isozyme 
and a plastidic isozyme, are present in plants, enabling the 
independent generation of malonyl-COA in each of these 
subcellular compartments (Pollard and Stumpf, 1980; Ni- 
kolau et al., 1984). 

Thus far, three structurally diverse forms of ACCase 
have been identified (reviewed by Lane et al., 1974; Choi et 
al., 1995). At least two of these forms occur in plants (Sasaki 
et al., 1995). A nondissociable, homomeric ACCase with a 
single type of biotin-containing polypeptide, ranging in 
size from 220 to 260 kD, is present in the cytosol of eukary- 
otic organisms such as yeast (Walid et al., 1992), animals 
(Lopez-Casillas et al., 1988), diatoms (Roessler and Ohl- 
rogge, 1993), and plants (Egin-Buhler et al., 1980; Gornicki 
et al., 1993; Roesler et al., 1994; Schulte et al., 1994; Shorrosh 
et al., 1994; Yanai et al., 1995). This multifunctional 
polypeptide contains the biotin carboxylase, BCC, and car- 
boxyltransferase domains. A homomeric ACCase of similar 
structure is also present in the plastids of some plant 
species, including maize (Egli et al., 1993) and wheat (Gor- 
nicki et al., 1994). 

A heteromeric ACCase with severa1 structural similari- 
ties to Esckerickia coli ACCase (Guchhait et al., 1974; Kondo 
et al., 1991; Li and Cronan, 1992a, 199213) is present in many 
species of plants (Kannangara and Stumpf, 1972; Sasaki et 
al., 1993; Alban et al., 1994, 1995; Konishi and Sasaki, 1994; 
Choi et al., 1995; Shorrosh et al., 1995). The quaternary 
structure of this plant heteromeric ACCase is not yet fully 
characterized. It has three known components: (a) a BCC 
subunit, to which biotin is covalently bound and which is 
nucleus-encoded (Choi et al., 1995); (b) biotin carboxylase, 
which carboxylates the BCC-bound biotin prosthetic group 
and is also encoded by a nuclear gene (Shorrosh et al., 
1995); and (c) carboxyltransferase, which transfers a car- 

Abbreviations ACCase, acetyl-COA carboxylase; BCC, biotin 
carboxyl-carrier; DAF, days after flowering; PAP, peroxidase- 
antiperoxidase. 
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boxyl group from BCC-bound biotin to acetyl-COA, gener- 
ating malonyl-COA. This latter component is composed of 
two types of polypeptides, one plastid-encoded (Sasaki et 
al., 1993) and the other nucleus-encoded (Shorrosh et al., 
1996; N. Nielson, GenBank accession number U40979). 

This study reports the isolation and characterization of 
the nuclear CACZ (chloroplastic acetyl-COA Carboxylase) 
gene of Arabidopsis thaliana that encodes the BCC subunit of 
the heteromeric ACCase. We have used immunocytochem- 
ical procedures to directly confirm that the BCC subunit 
encoded by the CACl gene is localized in the stroma of 
plastids. In situ hybridization and immunocytochemistry 
were used to determine the pattern of accumulation of the 
CACZ mRNA and the BCC subunit in siliques and leaves. 

MATERIALS A N D  METHODS 

Arabidopsis thaliana (L.) Heynh. (Columbia) seeds were 
germinated in sterile soil and plants were grown at 25°C 
under constant illumination. After the initial two flowers 
had opened, subsequent flowers were tagged with color- 
coded threads on the day they opened. Siliques were har- 
vested 7 DAF. BCC antiserum was obtained as previously 
described (Choi et al., 1995). A genomic library of Arabi- 
dopsis (Voytas et al., 1990) was obtained from the Arabi- 
dopsis Biological Resource Center (Columbus, OH). 

lsolation and Characterization of Macromolecules 

Standard procedures were used for the isolation, analy- 
sis, and manipulation of nucleic acids (Sambrook et al., 
1989). The Arabidopsis genomic library was screened by 
hybridization with the 730 bp that constituted the 3’-most 
fragment of the CACl cDNA (Choi et al., 1995). Approxi- 
mately 200,000 recombinant phages were grown on Petri 
plates and replicated to nitrocellulose membranes. The rep- 
lica filters were incubated at 65°C in 6X SSC ( 1 X  SSC is 0.15 
M NaCl and 15 mM sodium citrate, pH 7.0) with 32P-labeled 
probe for 12 h. After hybridization, filters were washed at 
65°C in 2X SSC and 0.5% SDS, and subsequently with 0.2X 
SSC and 0.1% SDS. 

Double-stranded DNA templates were sequenced using 
an ABI 373A DNA sequencer (Applied Biosystems) at the 
Iowa State University Nucleic Acids Facility (Ames, IA). 
Both strands of a11 DNA fragments were sequenced at least 
two times. Primers used to sequence were the M13 reverse 
primer and the primers that matched sequences within the 
CACZ gene: PF1 (5’-GTAGTAAAGGAAGTGACCG); PF2 
(5’-CTTTCCGTCTCTCTGCTAAGCC); PF3 (5’-ACCATC- 
CCCACCTACTCCAG); PF4 (5’-ACTCCTCTGTTTGTG- 
GTTC); PR1 (5’-CAATCCTTGTGGACTATC); PR2 (5‘-ATT- 
GGGAAGTGCGAGGAC);PR3 (5’-TTAGCAGAGAGACGG- 
AAAG); PR4 (5’-TTGGGTAAGGAACTCAGA); PR5 (5’-G- 
CATAAGATGGTTGATTTGG); PR6 (5’-GTAGGAAGTGA- 
CGATTTGGC); and PR7 (5‘-CCAAAGCACAGAGAATGA). 

In Situ Techniques 

In situ hybridization to RNA using paraffin-embedded 
sections was carried out as described previously (John et 
al., 1992; Wang et al., 1995). 35S-labeled RNA probes (sense 

and antisense) were synthesized from a subclone consist- 
ing of the 730 nucleotides at the 3’ end of the CACZ cDNA 
(Choi et al., 1995). Slides with hybridized tissue sections 
were coated with nuclear track emulsion (Kodak NTB2), 
exposed for 1 to 4 d, and developed. Photographs were 
taken with a microscope (Orthoplan, Leitz, Wetzlar, Ger- 
many) using bright-field optics and Ectachrome film 
(Kodak). In situ hybridization results were repeated four 
times using two sets of plant materials that had been 
independently processed, all of which gave similar results. 

For immunohistochemical subcellular localization stud- 
ies, 2- to 3-mm segments of siliques were fixed in 2% (v /v)  
paraformaldehyde and 1% (v/v) glutaraldehyde in a 0.1 M 

phosphate buffer, pH 7.2. Fixation was initially at room 
temperature for 30 min under a low vacuum to enhance 
infiltration, and then for an additional90 min at 4°C. Fixed 
segments were dehydrated in an increasing ethanol series 
and embedded in London Resin White. Sixty-nanometer- 
thin sections were placed on Formvar-coated (Electron Mi- 
croscopy Sciences, Fort Washington, PA) nickel grids and 
allowed to dry for at least 12 h. Sections on grids were 
incubated at 37°C for 5 h in a moist chamber with either 
BCC antiserum (Choi et al., 1995) diluted 1:500 with TBS 
buffer (0.05 M Tris-HCI, pH 8.3-8.5, 0.85% [w/v] NaCI, 
0.5% [w/v] BSA, 0.5% [v/v] normal goat serum) or preim- 
mune serum diluted 1:500 with TBS buffer. After incuba- 
tion, grids were washed with a stream of TBS buffer and 
then washed three times for 5 min each time in 25 pL of 
TBS buffer. Grids were carefully blotted dry and incubated 
for 5 h at room temperature in goat anti-rabbit IgG conju- 
gated to 10-nm immunogold diluted 1:lOO with TBS plus 
0.1% (w/v)  fish gelatin. Grids were then washed with a 
stream of distilled water and twice immersed for 10 min in 
distilled water. Lead citrate (Reynolds, 1963) and aqueous 
uranyl acetate (Hayat, 1989) were used to enhance image 
contrast. Sections were examined using a scanning trans- 
mission electron microscope (model1200EX, JEOL). Immu- 
nogold localization experiments were repeated three times, 
with similar results, using leaves and siliques that had been 
independently fixed and embedded. 

Immunocytological detection of the BCC subunit by light 
microscopy was carried out by two methods. For immuno- 
gold detection, 1-ym-thick London Resin White-embedded 
tissue sections were placed on glass slides coated with 
Silane according to the instructions of the manufacturer 
(Sigma) and dried at just under 50°C for 1 to 12 h. A 
histo-prep immunomarker (Cel-Tek, Glenview, IL) was 
used to keep solutions in place over tissue sections. To 
reduce nonspecific background, sections were incubated 
overnight in a moist chamber in a suspension of 5% fat-free 
milk powder in TBS buffer. The suspension was drained off 
the slides and the sections were briefly blotted. 

BCC antiserum (Choi et al., 1995) diluted 1:lOOO with 
TBS-Tween buffer (TBS buffer containing 0.05% [v/v] 
Tween 20, 0.5% [w/v] BSA, and 0.5% [v/v] normal goat 
serum) or TBS-Tween only was placed on the resin sections 
and incubated in a moist chamber at 37°C for 2 h. After 
incubation, slides were washed with a stream of TBS- 
Tween buffer and immersed three times for 5 min each 
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time in TBS-Tween buffer. Ten-nanometer-immunogold- 
conjugated anti-rabbit IgG diluted 1 : l O O  with TBS-Tween 
containing 0.1% (w/v) fish gelatin was used as the second- 
ary antibody. Sections were incubated for 2 h at room 
temperature, washed with a stream of distilled water, im- 
mersed five times for 10 min each time in distilled water, 
and then air-dried. Silver enhancement was carried out 
using a kit according to the instructions of the manufac- 
turer (Goldmark Biologicals, Phillipsburg, NJ). Twenty-five 
microliters of the combined initiator and silver-containing 
solution was placed on sections for 8 to 10 min in the dark. 
Slides were then washed with a stream of distilled water 
and immersed twice for 5 min each time in distilled water. 
Slides were dried at 50°C, immersed in xylene, and cover- 
slipped with Permount (Fisher Scientific). Photographs 
were taken using an Orthoplan microscope (Leitz) using 
bright-field, dark-field, and phase-contrast optics and 
Techpan film (Kodak). 

Immunocytological detection of the BCC subunit by PAI' 
was carried out using 7-pm paraffin-embedded sections 
(John et al., 1992). Sections were pretreated for 30 min with 
a solution of 1% (w/v) trypsin and immunostained using 
diaminobenzide as substrate according to the method de- 
scribed in Sternberger (1986). Photographs were taken with 
an Orthoplan microscope (Leitz) using bright-field optics 
and Ectachrome T160 film (Kodak). 

RESULTS 

lsolation and Characterization of the Arabidopsis 
CACl Gene 

The isolation and sequencing of the CACZ gene is an 
initial step that is critica1 in characterizing the factors that 
regulate its expression. Southern blot analyses of Arabi- 
dopsis genomic DNA indicated that the CACZ gene is 
probably present only once in the genome of Arabidopsis 
(Choi et al., 1995). The 730-bp fragment from the 3' end of 
the CACZ cDNA clone was used as a probe to isolate the 
CACZ gene. Approximately 200,000 recombinant bacterio- 

phages from an Arabidopsis genomic library, representing 
roughly 15 genome equivalents, were screened, resulting in 
the isolation of three hybridizing clones. Restriction map- 
ping and Southern hybridization analyses of these three 
clones indicate that they are overlapping and constitute an 
approximately 25-kb contiguous segment of DNA contain- 
ing the CACZ gene. This finding confirms that the Arabi- 
dopsis genome contains a single copy of the CACZ gene. 
The CACZ gene is on a 7-kb SalI-SacI fragment that is 
common to a11 three of the isolated clones. This CACZ- 
containing fragment was cloned into the plasmid pB- 
SKII(+) for further analysis (we term this clone p6b). Ad- 
ditional restriction mapping, Southern hybridization, and 
sequencing analyses revealed that the entire coding se- 
quence of the CAC1 gene is within an approximately 4-kb 
segment of the Arabidopsis genome. 

Comparison of the nucleotide sequence of this 4-kb 
genomic segment with the CACZ cDNA sequence (Choi et 
al., 1995) led to the identification of the structure of the 
CACl gene (Fig. 1). The CACZ gene is interrupted by six 
introns with lengths ranging from 84 (intron 2) and 401 bp 
(intron 1). The seven exons are between 43 (exon 2) and 319 
bp (exon 4). The nucleotide sequence of these exons was 
identical to that of the CACZ cDNA (Choi et al., 1995). The 
amino acid sequence motif that targets the BCC subunit for 
biotinylation is encoded by exon 5. 

The sequences at the intron-exon junctions are similar 
to the preferred biases observed for other plant genes 
(Brown, 1989; Ghislain et al., 1994). Namely, plant 
exon 1 intron 1 exon junctions are purine-rich, with a pre- 
ferred sequence of 5'-AG 4 GTA-intron-CAG 1 GT. In the 
CACZ gene the preferred sequences are 5'-yu 1 G(G/T)G- 
intron-yAG 1 u(C/G), in which "y" represents a pyrimi- 
dine and "u" represents a purine. The exact 5' end of exon 
1 has not been directly determined, but it must be at or 
slightly upstream of position -55, which is the 5' end of 
the longest CACZ cDNA we have sequenced. In addition, 
a putative TATA box is located on the genomic sequence 
132 bp upstream of the ATG translation-initiating codon. 

3' 

??"GG I'AAA 

Figure 1. Schematic representation of the structure of the CAC7 gene of A. thaliana. The nucleotide sequence of an 
approximately 4-kb segment of genomic DNA containing the CAC7 gene was determined. Exons (El-E7) are represented by 
shaded boxes; introns (11-16) are represented by solid lines. Positions of the translational start codon ('ATG), stop codon 
(2990TGA), and biotin attachment site (Biotin) are indicated. Positions of motifs upstream of the first exon that may be 
important in the regulation of the transcription of the CAC7 gene are indicated (Gasser and Laemmli, 1986; Guiltinan et al., 
1990; Kawagoe and Murai, 1992; Terzaghi and Cashmore, 1995; Allen et al., 1996). Nucleotides are numbered relative to 
the translational start codon and are shown as superscripts. 
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Since TATA boxes usually occur between 20 and 40 nu-
cleotides upstream of the transcription start site, the 5'
end of exon 1 may be between positions -110 and -90.

Upstream of the TATA box, beginning at position -698
and extending more upstream of the CAC1 gene, is the 3'
end of an open reading frame that shows 88% sequence
identity with the Pisum sativum /-type thioredoxin (Gen-
Bank accession number X63537). If this open reading frame
is a gene coding for/-type thioredoxin, then the promoter
of the CAC1 gene may be contained in less than 600 bases,
extending from the 3' end of the putative thioredoxin
/-type precursor gene to the start of exon 1. Alternatively,
regulatory motifs may overlap the transcribed sequence for
the thioredoxin /-type gene, which occurs frequently in
yeast but to our knowledge has not been reported for
plants. The CAC1 promoter contains several motifs, includ-
ing the GT-1 binding site, the I-box, and the G-box, shown
to be important in light-regulated transcription (Terzaghi
and Cashmore, 1995), and the G-box and E-box motifs,
shown to be important in specifying high rates of seed-
specific transcription (Guiltinan et al., 1990; Kawagoe and
Murai, 1992).

The BCC Subunit Is Located in the Stroma of Plastids

The amino acid sequence of the BCC subunit, deduced
from the CAC1 cDNA, contains an NH2-terminal extension
relative to the sequences of bacterial BCC subunits (Choi et
al., 1995). This NH2-terminal extension has characteristics
of a transit peptide that would target the BCC subunit to
the stroma of plastids. We undertook in situ immunolocal-

ization experiments to provide an independent and direct
confirmation of the plastidic localization of the BCC sub-
unit encoded by the CACl gene. Sections from expanding
Arabidopsis leaves were reacted first with BCC antiserum
and then with anti-rabbit IgG that was conjugated to 10-nm
gold particles. Examination of these sections by transmis-
sion electron microscopy revealed that the gold particles
were located predominantly over the chloroplasts; only a
few background gold particles were observed over the
cytosol, cell wall, mitochondria, and other cellular compart-
ments (Fig. 2A). In addition, the gold particles were prefer-
entially located over the stromal regions (darker areas) and
few were located over the grana (near-white areas). For
example, in the figure shown (Fig. 2A), of the 22 gold par-
ticles located in the chloroplast, 16 are over the stroma, 5 are
either over a region in which the plane of the section of the
chloroplast resulted in sectioning through both stroma and
grana or over the boundary of the grana and stroma, and 2
are over what appears to be grana. We have seen this pattern
consistently with other chloroplasts. Control grids that had
been reacted with preimmune serum showed no or very few
gold particles over any region of the cells (not shown). These
data confirm that the BCC subunit accumulates in leaf chlo-
roplasts, specifically in the stroma.

Cellular Distribution of the BCC Subunit and
CAC1 mRNA in Siliques and Leaves of Arabidopsis

The cellular distribution of the BCC subunit in young,
developing leaves was examined by immunocytochemistry
using BCC antiserum followed by immunogold localiza-

Figure 2. Localization of the BCC subunit in
leaves of A. thaliana. Expanding leaves were
harvested from plants 2 weeks after germination.
A, Subcellular localization of BCC subunit in
chloroplast stroma. BCC subunit antiserum was
used as primary antibody, and anti-rabbit IgG
conjugated to 10-nm gold particles was used as
a secondary antibody. Electron micrograph of
chloroplast and surrounding cytoplasm; grana
are lighter regions, and stroma are darker re-
gions within the chloroplast. B, Paradermal sec-
tion of leaf showing mesophyll cells. C, Cross-
section of leaf showing (top to bottom) upper
epidermis, palisades parenchyma, spongy me-
sophyll cells, and lower epidermis. B and C are
light micrographs showing immunogold parti-
cles visualized by silver enhancement, g, Grana;
s, stroma; ue, upper epidermis; and le, lower
epidermis. Arrowheads indicate examples of
plastids labeled with gold/silver particles. Bar =
0.5 /xm in A, 10 /nm in B and C.
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tion, silver enhancement, and light microscopy. The leaves
used in these studies were still expanding and contained
cells that were not yet fully differentiated. Both paradermal
sections (Fig. 2B) and cross-sections (Fig. 2C) of these
leaves were examined. The gold/silver particles represent-
ing the location of the BCC subunit were concentrated over
the plastids of mesophyll and epidermal cells of the leaf.
Control sections using preimmune serum showed no or
few silver particles (not shown).

The cellular distribution of the BCC subunit was also
examined in young, developing siliques. For these studies
we used siliques that were almost fully expanded (at 7
DAF). The embryos within 7-DAF siliques are at the tor-
pedo stage of development and are rapidly depositing seed
oils (Mansfield and Briarty, 1992). Two methods were used
to immunolocalize the BCC subunit: the higher-resolution
immunogold/silver enhancement method (Fig. 3), and a
PAP method that produces a brown-colored product (Fig.
4, A and B). As can be seen by the density and distribution
of the silver particles (Fig. 3, A and C) and the brown PAP
reaction product (Fig. 4A), the BCC subunit accumulates to

the highest levels throughout the ground meristem (gm),
procambium (pc), and protoderm (p) of the embryo (e) and
the cellular endosperm (ce) of the silique. Lower levels of
BCC subunit accumulation are detectable in the integu-
mentary tissues (i) (Figs. 3, A and B, and 4A), the cells of
the silique central septum (sm) (Figs. 3D and 4A), and the
silique wall (w) (Figs. 3, B and E, and 4A). Control sections
of embryos treated with preimmune serum and labeled
with immunogold/silver enhancement (Fig. 3F) or PAP
(Fig. 4B) showed no or little labeling over the plastids of the
embryo or other portions of the silique. The brown- and
black-staining ring surrounding the cellular endosperm
seen in both the immunoreaction (Fig. 4A) and the preim-
mune control (Fig. 4B) is a material secreted by a subset of
integumentary cells, apparently into the vacuoles of these
cells. This material, which will become part of the testa, is
of undefined composition but contains shikimate deriva-
tives, as indicated by the dear-testa mutants (Shirley et al.,
1995).

The distribution of CAC1 mRNA was examined in
young, expanding leaves by in situ hybridization to tissue
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Figure 3. Cellular distribution of BCC subunit in
siliques of A. thaliana. Developing siliques were
harvested 7 DAF. BCC subunit antiserum was
used as the primary antibody, and anti-rabbit
IgG conjugated to 10-nm gold particles was
used as a secondary antibody. Light micro-
graphs showing immunogold particles visual-
ized by silver enhancement. A, Embryo, cellular
endosperm, and ovule integument; B, cellular
endosperm, integument, and silique wall; C,
embryo and cellular endosperm (higher magni-
fication of A); D, central septum; E, silique ovary
wall; and F, preimmune control showing em-
bryo, cellular endosperm, and integument, w,
Silique wall; i, ovule integument; pc, procam-
bium of embryo; P, protoderm of embryo; gm,
ground meristem of embryo; e, embryo; and ce,
cellular endosperm. Arrowheads indicate exam-
ples of plastids labeled with gold/silver particles.
Bar = 30 /xm in A and B, and 10 /xm in C
through F.
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Figure 4. Cellular distribution of BCC subunit
and CAC1 mRNA. Developing siliques of A.
thaliana were harvested 7 DAF; expanding
leaves were harvested from plants 2 weeks after
germination. Light micrographs. A, Silique sec-
tion reacted with BCC subunit antiserum as the
primary antiserum and detected by PAP. B, Sil-
ique control, similar to A but using preimmune
serum as the primary antiserum. Opaque
brown-colored material secreted within cells of
silique inner integument and surrounding cellu-
lar endosperm is not yet fully chemically de-
fined, C, Young leaf. In situ hybridization using
antisense RNA probe corresponding to the 3'
end of CAC1 cDNA. D, Young leaf. In situ hy-
bridization using sense RNA probe correspond-
ing to 3' end of CAC1 cDNA. E, Silique. In situ
hybridization using antisense RNA probe corre-
sponding to 3' end of CAC1 cDNA. F, Silique
ovule (higher magnification of E). w, Silique
wall; i, ovule integument; e, embryo; ce, cellu-
lar endosperm; and sm, central septum. Bar =
59 /urn in A through E, and 29 fj,m in F.
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sections using an antisense CAC1 RNA probe (Fig. 4C). The
location of CAC1 mRNA is visualized by the black-silver
grains. The CAC1 mRNA is present throughout the leaf.
Accumulation of CAC1 mRNA was consistently more pro-
nounced in the cells located near the leaf margins, where
growth may have been occurring. Control hybridizations
using CAC1 sense RNA probe show little labeling (Fig. 4D).

The distribution of the CAC1 mRNA was also deter-
mined in developing siliques (7 DAF) (Fig. 4, E and F). The
accumulation of CAC1 mRNA is highest in the embryo,
where it is distributed throughout the cells of the cotyle-
dons, root, and shoot axis. CAC1 mRNA is present at lower
levels in the cellular endosperm (ce) and integuments (i) of
the developing seed (Fig. 4, E and F). CAC1 mRNA accu-
mulates only to very low levels in the silique wall (w) and
inner septum (sm). Control hybridizations using CAC1
sense RNA show little labeling over any region of the
silique (data not shown).

DISCUSSION
In animals (Vagelos, 1971; Lane et al., 1974; Wakil et al.,

1983), yeast (Hasslacher et al., 1993), and bacteria (Kondo

sm

r"*>.^ M

w

et al., 1991; Li and Cronan, 1993), ACCase is a highly
regulated enzyme that plays a crucial role in controlling
de novo fatty acid biosynthesis. In these organisms a
variety of complex mechanisms control ACCase activity.
These mechanisms include transcriptional and posttran-
scriptional regulation of ACCase gene expression, which
are generally important for long-term and developmen-
tally controlled changes in rates of fatty acid synthesis.
Shorter-term changes in the rate of fatty acid synthesis are
generally modulated by alterations of ACCase enzyme
activity via kinetic effectors and by covalent modifica-
tions.

In plants the role of ACCase in regulating fatty acid
biosynthesis is less fully understood. Indirect evidence in-
dicating that ACCase regulates the light-dependence of
fatty acid biosynthesis in chloroplasts has been obtained
from measurements of acetyl-CoA and malonyl-CoA pools
in isolated chloroplasts (Ohlrogge et al., 1993). These mod-
ulations of the rates of fatty acid biosynthesis are relatively
rapid and are probably the result of kinetic effectors of
ACCase activity (Eastwell and Stumpf, 1983; Nikolau and
Hawke, 1984). In contrast, less is known about the role of
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ACCase in regulating long-term, developmental modula- 
tions of fatty acid biosynthesis. 

Studies to elucidate this role have compared changes in 
ACCase activity with changes in fatty acid accumulation 
during leaf (Nikolau et al., 1981; Hawke and Leech, 1987) 
and seed (Simcox et al., 1979; Turnham and Northcote, 
1982, 1983; Charles et al., 1986; Kang et al., 1994) develop- 
ment. However, these correlative studies are difficult to 
interpret because, as has now become clear, in vitro mea- 
surements of ACCase activity in plant tissue extracts do not 
necessarily reflect the ACCase that generates malonyl-COA 
for fatty acid synthesis. This is for two reasons: (a) Assays 
of ACCase activity in plant tissue extracts measure the sum 
of both the cytosolic and plastidic forms of the enzyme, but 
only the latter generates malonyl-COA for fatty acid syn- 
thesis. Furthermore, the ratio of these two forms of ACCase 
is not necessarily constant during development. (b) In 
many plant species (particularly dicots) the plastidic 
ACCase is heteromeric and is inactivated to an undefined 
degree by dissociation during extraction ( e g  Alban et al., 
1995). Thus, determinations of the activity of heteromeric 
ACCase may not be quantitative. 

To elucidate the role of plastidic ACCase in regulating 
the long-term developmental changes of fatty acid biosyn- 
thesis will require the study of the expression of at least 
four structural genes, as well as determination of plastidic 
ACCase activity (which, as described previously, are not 
yet quantitative). In this study we have focused on the 
CACZ gene. In Arabidopsis, the CACZ gene codes for a BCC 
subunit. Antisera directed against this protein inhibit about 
70% of ACCase activity in leaf cell-free extracts, thus indi- 
cating that it is a subunit of a heteromeric ACCase (Choi et 
al., 1995). We previously described a potential transit pep- 
tide that could target the BCC subunit encoded by the 
CACZ gene to the plastids. However, plastid-targeting tran- 
sit peptides also show structural and functional similarities 
to transit peptides that target proteins to the mitochondria 
(Keegstra et al., 1989; Heijne, 1992). In addition, the recent 
finding that plant mitochondria contain an isozyme of 
acyl-carrier protein (Shintani and Ohlrogge, 1994) may in- 
dicate that this organelle may have the ability to carry out 
de novo fatty acid biosynthesis, as appears to occur in 
Neurospora (Mickolajczyk and Brody, 1990). Here we have 
used immunohistochemical methods to show that the BCC 
subunit encoded by the CACZ gene is located in the stroma 
of the plastids, directly demonstrating that this gene 
encodes the BCC subunit of the plastidic heteromeric 
ACCase. 

The CACZ gene is highly expressed in cells that are 
actively growing and synthesizing fatty acids for mem- 
brane phospholipids or triacylglycerides. Thus, the em- 
bryos in Arabidopsis siliques at 7 DAF, which are rapidly 
accumulating seed oils (Mansfield and Briarty, 1992; Bow- 
man, 1994), contain a high level of BCC subunit and CACZ 
mRNA. In contrast, there is less accumulation of BCC 
subunit and CACZ mRNA in the silique walls and inner 
septum, which have ceased growth but are still metaboli- 
cally active. The BCC subunit and CACZ mRNA are dis- 
tributed throughout all tissues of the expanding leaf. Our 

data from siliques and leaves further indicate that the 
tissue-specific accumulation of the BCC subunit may be 
controlled primarily by the steady-state accumulation of its 
mRNA. Thus, in both the siliques and the leaves, the pat- 
tern of spatial distribution of the BCC subunit seems to 
parallel the spatial pattern of distribution of the CACZ 
mRNA that encodes it. These data are consistent with the 
hypothesis that the developmental pattern of BCC subunit 
accumulation is determined by the transcriptional regula- 
tion of the CACl gene in these organs. 

Plastidic ACCase of Arabidopsis is assembled from 
products of both nuclear and plastidic genes. The plant cell 
must have mechanisms to coordinate the synthesis, trans- 
port, accumulation, and assembly of these subunits. For 
example, coordination may entail cross-communication 
among the structural genes during their expression, or the 
structural genes may be induced by the same set of tran- 
scription factors. Comparison of the nucleotide sequence of 
the CACZ promoter with sequences of promoters of nuclear 
genes coding for the other subunits of the heteromeric 
ACCase (biotin carboxylase and the a! subunit of carboxy- 
ltransferase) may provide clues as to how the transcription 
of these genes is coordinated. This is particularly the case if 
transcriptional coordination occurs via the binding of a 
common set of transcription factors that bind to each of 
these promoter elements. An understanding of the interac- 
tive regulatory mechanisms that control the expression of 
these genes will expand our knowledge of the role of 
ACCase in the formation of membrane lipids and seed oils. 
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